Abstract.-Comparison o f t h e p l a s t i c f l o w p r o p e r t i e s o f transforming metas t a b l e austenite, s t a b l e austenite, and martensite over a range o f temperatures and s t r a i n r a t e s allows q u a n t i t a t i v e estimates o f (a) the static-hardening effect o f the two-phase mixture and (b) the dynamic-softening e f f e c t o f the transformation as a deformation mechanism. A c o n s t i t u t i v e r e l a t i o n i s derived p r e d i c t i n g the f l o w behavior o f metastable a u s t e n i t e from the strain-induced transformation k i n e t i c s and t h e f l o w p r o p e r t i e s o f t h e two separate phases.
Abstract.-Comparison o f t h e p l a s t i c f l o w p r o p e r t i e s o f transforming metas t a b l e austenite, s t a b l e austenite, and martensite over a range o f temperatures and s t r a i n r a t e s allows q u a n t i t a t i v e estimates o f (a) the static-hardening effect o f the two-phase mixture and (b) the dynamic-softening e f f e c t o f the transformation as a deformation mechanism. A c o n s t i t u t i v e r e l a t i o n i s derived p r e d i c t i n g the f l o w behavior o f metastable a u s t e n i t e from the strain-induced transformation k i n e t i c s and t h e f l o w p r o p e r t i e s o f t h e two separate phases.
Introduction.-Recent analyses have demonstrated t h a t theory o f m a r t e n s i t i c t r a n s f o rmation k i n e t i c s can p r e d i c t the f l o w behavior o f metastable a u s t e n i t i c s t e e l s i n t h e low-temperature regime where stress-assisted transformation (nucleated a t the same s i t e s which t r i g g e r t h e transformation on c o o l i n g ) c o n t r o l s the p l a s t i c flow (1,2).
At higher temperatures where strain-induced transformation (nucleated a t new s i t e s produced b y p l a s t i c s t r a i n ) i s dominant, a k i n e t i c model has successfully accounted f o r the dependence o f volume f r a c t i o n martensite, f, on p l a s t i c s t r a i n , E, over a range o f s t r a i n states (3, 4) , b u t a s u i t a b l e model does n o t e x i s t f o r t h e p r e d i c t i o n o f the r e s u l t i n g p l a s t i c f l o w behavior. Analysis o f the shape o f s t r e s s -s t r a i n curves obtained under these conditions i d e n t i f i e s two major f a c t o r s c o n t r o l l i n g the f l o w stress: (a) a static-hardening e f f e c t associated w i t h t h e two-phase mixture, and (b) a dynamic-softening effect a r i s i n g from t h e operation o f the m a r t e n s i t i c transformation as a deformation mechanisn: (5, 6) .
The present study was undertaken t o q u a n t i t a t i v e l y determine these two c o n t r i b u t i o n s t o t h e f l o w behavior, and t o develop a model w i t h which c o n s t i t u t i v e flow r e l a t i o n s f o r a transforming material can be predicted from knowledge o f the f (~) transformation curves and t h e f l o w p r o p e r t i e s o f the two phases. M a t e r i a l s and Experimental Procedures.-The compositions o f the vacuum-melted s t e e l s i n v e s t i g a t e d are given i n Table I . Steel A i s a commercial h i g h -f o r m a b i l i t y metas t a b l e a u s t e n i t i c s t r a i n l e s s s t e e l . Steel B i s a s t a b l e a u s t e n i t i c composition derived from s t e e l A by increasing the Cr and Mn contents i n such a way as t o maintain a constant i n t r i n s i c stacking-faul t energy according t o a thermodynamic model f o r the f a u l t energy (7) . Steel C i s a m a r t e n s i t i c composition derived from Steel A by reducing t h e C r content, t h e element c o n t r i b u t i n g the smallest s o l u t i o nstrengthening e f f e c t i n martensite. Steels B and C can be reasonably expected t o d u p l i c a t e t h e f l o w p r o p e r t i e s o f the a u s t e n i t e and martensite constituents i n steel A.
Article published online by EDP Sciences and available at http://dx.doi.org/10.1051/jphyscol:1982465 . F l a t t e n s i l e specimens were machined w i t h gauge s e c t i o n s 0.250 i n .
(6.35 mm) i n w i d t h and 1.50 i n . (38.1 mm) i n l e n g t h . Vacuum encapsulated specimens were s o l u t i o n -t r e a t e d f o r 5 min, a t 1050" C (A and B) and a t 1025' C (C) and t h e n water quenched, producing a u n i f o r m a u s t e n i t i c g r a i n s i z e o f 30 pm. T e n s i l e t e s t s were r u n i n an I n s t r o n t e s t i n g machine a t 63" C and 23' C i n water, -10' C and -50' C i n e t h y l a l c o h o l and -196" C i n l i q u i d n i t r o g e n . Two nominal s t r a i n r a t e s o f = 2.2 x 10-4s'l and EZ = 5.6 x lj0-3s-1 were employed.
The volume f r a c t i o n o f s t r a i n -i n d u c e d a ' -m a r t e n s i t e i n s t e e l A was monitored by x -r a y d i f f r a c t i o n u s i n g t h e i n t e g r a t e d i n t e n s i t i e s o f t h e m a r t e n s i t e (110), (ZOO), and (21 1 ) peaks and t h e a u s t e n i t e (1 1 1 ) , (ZOO), and (220) peaks measured on several p r e s t r a i n e d specimens f o r each t e s t temperature. No evidence o f HCP & ' -m a r t e n s i t e was found.
Results and d i s c u s s i~. -True s t r e s s -s t r a i n curves and corresponding f (~) transformat i o n curves measured a t t h r e e temperatures and two s t r a i n r a t e s a r e presented i n f i g u r e 1 . The experimental a-E curves o f t h e metastable a u s t e n i t e ( s t e e l A) a r e shown b y t h e s o l i d curves l a b e l e d aexp. The corresponding a-E curves o f t h e s t a b l e a u s t e n i t e ( s t e e l 8) and m a r t e n s i t e ( s t e e l C ) a r e d e p i c t e d by t h e dashed c u r v e s l a b e l e d ay and aa' r e s p e c t i v e l y . The measured uy curves have been s l i g h t l y s h i f t e d upward t o compensate f o r a small (27 M N /~~) d i f f e r e n c e i n t h e y i e l d s t r e n g t h s o f
S t e e l s A and B. The aal curves o f t h e m a r t e n s i t e , which e x h i b i t e d a u n i f o r m elongat i o n o f l e s s than 4 p c t . , were o b t a i n e d from a power l a w f i t t o t h e homogeneous lows t r a i n measurements and l o c a l measurements made d u r i n g necking.

Over t h e temperature range covered i n f i g u r e 1 , t h e metastable a u s t e n i t e e x h i bi t e d a normal temperature dependence o f t h e y i e l d s t r e n g t h and sigmoidal transformat i o n curves i n d i c a t i v e o f s t r a i n -i n d u c e d t r a n s f o r m a t i o n . A t t h e l i q u i d -n i t r o g e n temperature t h e y i e l d s t r e n g t h was reduced and t h e t r a n s f o r m a t i o n curve became l i n e a r , i n d i c a t i v e o f s t r e s s -a s s i s t e d t r a n s f o r m a t i o n . No t r a n s f o r m a t i o n was d e t e c t e d a t 63" C o u t t o ~= 0 . 3 0 .
An e s t i m a t e of t h e s t a t i c -h a r d e n i n g c o n t r i b u t i o n t o t h e m e t a s t a b l e -a u s t e n i t e f l o w curve can be made from t h e f (~) , u a l (~) , and uY(!) curves u s i n g models o f twophase hardening, once assumptions a r e adopted concerning 
t h e d i s t r i b u t i o n o f s t r a i n between t h e two phases. The s i m p l e s t model i s t h e r u l e o f mixtures(RM) based on t h e assumption t h a t t h e s t r a i n i n b o t h phases i s equal t o the macroscopic p l a s t i c s t r a i n . The s t r e s s -s t r a i n curve computed on t h i s b a s i s i s shown b y t h e dashed curves l a b e l e d RM i n f i g u r e 1 . Ausforming s t u d i e s i n d i c a t e t h a t t h e s u b s t r u c t u r e o f deformed a u s t en i t e i s i n h e r i t e d by m a r t e n s i t e and t h a t t h e s t r e n g t h e n i n g c o n t r i b u t i o n s o f deformat i o n and t r a n s f o r m a t i o n s u b s t r u c t u r e s superimpose. T h i s imp1 i e s t h a t t h e f l o w s t r e s s o f deformed m a r t e n s i t e and t h a t o f m a r t e n s i t e f r e s h l y formed from an e q u i v a l e n t l y deformed a u s t e n i t e a r e comparable. Hence t h e concept o f equal p l a s t i c s t r a i n i n b o t h phases o f a t r a n s f o r m i n g metastable a u s t e n i t e appears
o n a l t o t h e amount o f t r a n s f o r m a t i o n , ET = af. An u p p e r -l i m i t e s t i m a t e o f t h e c o e f f i c i e n t a can be o b t a i n e d from t h e slope o f t h e l i n e a r f (~) r e l a t i o n d u r i n g s t r e s s -a s s i s t e d t r a n s f o r m a t i o n a t -196" C, g i v i n g a = 0.1 2. A s t r a i n -c o r r e c t e d r u l e o f m i x t u r e s (SCRM) can t h e n p r e d i c t t h e " s t a t i c -f l o w s t r e s s " , as, a r i s i n g from twophase hardening a c c o r d i n g t o t h e r e l a t i o n . 
i t e s t i m a t e o f t h e s t a t i c -h a r d e n i n g , corresponding t o a=O.
An a t t e m p t was made t o determine more d i r e c t l y t h e s t a t i c two-phase hardening behavior v i a a s e r i e s o f p r e s t r a i n experiments, as r e p r e s e n t e d by t h e example i n f i g u r e 2. A f t e r deforming t h e t r a n s f o r m i n g m a t e r i a l t o a s t r a i n cO, t h e s t a t i c f l o w s t r e s s o f t h e r e s u l t i n g two-phase m i x t u r e ( i n t h e absence o f dynamic t r a n s f o r m a t i o n softening) was e s t i m a t e d from i t s f l o w s t r e s s subsequently measured a t 63" C (where t h e a u s t e n i t e i s s t a b l e ) and c o r r e c t i n g for i t s temperature dependence. The l a t t e r temperature c o r r e c t i o n was o b t a i n e d from t h e temperature dependence o f t h e f l o w s t r e s s o f t h e s t a b l e a u s t e n i t e (B) and m a r t e n s i t e (C) a f t e r low-temperature pres t r a i n i n g , and i n c l u d e d t h e e f f e c t o f m a r t e n s i t e s t r a i n a g i n g on warming t o 63' C . The flow c u r v e observed on continued s t r a i n i n g a t 63" C i s shown i n f i g u r e 2, s h i f t e d v e r t i c a l l y b y a thermal c o r r e c t i o n increment AaT t o correspond t o t h e (nont r a n s f o r m i n g ) f l o w p r o p e r t i e s a t t h e i n d i c a t e d p r e s t r a i n temperature o f -50" C . (The measured thermal increment f o r a u s t e n i t e and m a r t e n s i t e were s l i g h t l y d i f f e r e n t ; A o l~ f o r two phase m i x t u r e s was assumed t o v a r y l i n e a r l y w i t h f . ) U n f o r t u n a t e l y , r es t r a i n i n g a t 63" C was accompanied by a f a i r l y l a r g e i n i t i a l t r a n s i e n t which made t h e f l o w s t r e s s a t t h e p r e s t r a i n l e v e l d i f f i c u l t t o assess. To c o r r e c t f o r t h e t r a n s i e n t e f f e c t , t h e curve measured a t 63" C was f
i t t e d t o an expression o f t h e form a = ~. ( E + E~)~ as shown by t h e d o t t e d c u r v e i n f i g u r e 2, from which t h e " s t a t i c " f l o w s t r e s s a t c0 can be p l a c e d a t p o i n t Y . The u n c e r t a i n t y caused b y t h e t r a n s i e n t i s worsened b y t h e p o s s i b i l i t y o f some r e c o v e r y on warming t o 63' C which c o u l d cause a n underestimate o f t h e f l o w s t r e s s o f the two-phase m i x t u r e . Flow s t r e s s p o i n t s determined i n t h i s way a r e denoted by open c i r c l e s i n f i g u r e 1 . The p o i n t s a r e i n reasonable agreement w i t h t h e as c u r v e from t h e SCRM model, b u t g e n e r a l l y f a l l somewhat below. I n view o f the a m b i g u i t i e s i n t h e p r e s t r a i n experiments, t h e s o l i d a s curves a r e t a k e n as o u r b e s t e s t i m a t e s o f t h e s t a t i c -h a r d e n i n g behavior, w i t h t h e
dashed RM curves and p r e s t r a i n experimental p o i n t s g i v i n g a rough measure o f t h e u n c e r t a i n t y o f these e s t i m a t e s .
By any o f these measures o f as, comparison w i t h Oexp r e v e a l s t h a t t h e t r a n sforming m a t e r i a l f l o w s a t a s i g n i f i c a n t l y 1 ower s t r e s s , r e f l e c t i n g a s u b s t a n t i a l dynamic-softening increment a s s o c i a t e d w i t h o p e r a t i o n o f t h e m a r t e n s i t i c t r a n s f o rm a t i o n a s a deformation mechanism. T h i s i s e s p e c i a l l y e v i d e n t a t l o w s t r a i n s a t -50" C where aexp f a l l s below of Expressing t h e f l o w s t r e s s o f t h e t r a n s f o r m i n g m a t e r i a l as U = Us -Aad, ( 2 ) t h e e s t i m a t e d as a l l o w s an e s t i m a t e o f the dynamic-softening increment Aad as designated i n f i g u r e l a .
Another s e r i e s o f p r e s t r a i n experiments, i n which c o n t i n u e d s t r a i n i n g was p e rformed a t d i f f e r e n t temperatures t o g i v e v a r i o u s changes o f t r a n s f o r m a t i o n r a t e , suggested t h a t Aod ( a t a f i x e d p r e s t r a i n ) i s p r o p o r t i o n a l t o d f / d s . Comparison o f bod and d f / d~ f o r t h e d a t a o f f i g u r e 1 i n d i c a t e s t h a t t h e p r o p o r t i o n a l i t y c o n s t a n t i ncreases w i t h i n c r e a s i n g deformation. The l a t t e r behavior i s analogo~is t o t h a t observed when t h e p l a s t i c f l o w o f metastable a u s t e n i t e i s c o n t r o l l e d by t h e s t r e s sa s s i s t e d mode o f t r a n s f o r m a t i o n (1,2) ; the t r a n s f o r m a t i o n -c o n t r o l l e d f l o w s t r e s s a s s o c i a t e d w i t h a f i x e d t r a n s f o r m a t i o n r a t e i s t h e n e s s e n t i a l l y c o n s t a n t and so an i n c r e a s e i n as should be accompanied by a l i n e a r l y -r e l a t e d i n c r e a s e i n Aad. A c c o r d i n g l y , t h e r a t i o Aod/df/dc determined from t h e data o f f i g u r e 1 i s p l o t t e d vs. us i n f i g u r e 3. The p o i n t s a r e based on t h e SCRM us curves w h i l e t h e b r a c k e t s r e p r es e n t t h e RM and p r e s t r a i n -e x p e r i m e n t e s t i m a t e s . W i t h i n t h e experimental u n c e r t a i n t y , t h e r a t i o i s found t o be p r o p o r t i o n a l t o as and independent o f temperature and s t r a i n r a t e o v e r t h e range examined. T h i s t h e n defines a r e l a t i o n f o r Aad o f t h e form TOTAL PLASTIC STRAIN C a l c u l a t e d o-E c u r v e s from e q u a t i o n 4 a r e compared a g a i n s t t h e experimental curves of f i g u r e 1 i n f i g u r e 4, demonstrating e x c e l l e n t agreement.
W i t h i n t h e regime o f s t r a i n -i n d u c e d t r a n s f o r m a t i o n , e q u a t i o n 4 now a l l o w s t h e p r e d i c t i o n o f u(E,E, T) f o r m e t a s t a b l e a u s t e n i t i c s t e e l s from knowledge o f f, o , and o, '
as f u n c t i o n s o f E. F , and T. I t i s i n t e r e s t i n g t o n o t e from t h e d a t a 07 f i g u r e 1 t h a t o y ( s ) and oal ( E ) a r e r a t h e r weakly temperature-and rate-dependent so t h a t t h e l a r g e changes i n shape o f u-E curves shown i n f i g u r e 4 a r i s e p r i m a r i l y from t h e b e h a v i o r o f f ( c ) . Thermocouples a t t a c h e d t o deforming specimens i n d i c a t e d t h a t t h e r e l a t i v e r e d u c t i o n o f t r a n s f o r m a t i o n r a t e w i t h i n c r e a s i n g s t r a i n r a t e a t -50' C i s due t o a small temperature r i s e (-2" C) o c c u r r i n g i n s p i t e o f t h e t h i n specimen dimensions and presence o f t h e c o o l i n g medium. Combining these e f f e c t s , a c o n s t i t u t i v e r e l a t i o n i s d e r i v e d p r e d i c t i n g U(E,&,T) f o r m e t a s t a b l e a u s t e n i t e s from t h e s t r a i n -i n d u c e d t r a n sf o r m a t i o n k i n e t i c s and t h e f l o w p r o p e r t i e s o f t h e two phases.
Conclusions.-Comparison o f t h e f l o w curves o f t r a n s f o r m i n g metastable a u s t e n i t e , s t a b l e a u s t e n i t e , and m a r t e n s i t e has allowed a s e p a r a t i o n o f t h e s t a t i c -h a r d e n i n g and dynamic-softening c o n t r i b u t i o n s t o t h e f l o w b e h a v i o r o f m e t a s t a b l e a u s t e n i t e . The f l o w s t r e s s , as, a s s o c i a t e d w i t h t h e s t a t i c -
